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Further Studies Concerning Stomatal Diffusion 1,2
Irwin P. Ting 3' 4 and Walter E. Loomis

Department of Botany, Iowa State University, Ames, Iowa

In a previous paper (21), we presented data ob-
tained when water was allowed to evaporate through
commercial screens, and interpreted the results in
terms of stomatal diffusion. The rule proposed by
Brown and Escombe (3) and others (11,23), that
diffusion through single, isolated pores is proportional
to the diameter rather than the area was shown to be
valid down to 20 ,u pores and to extrapolate to the
origin at zero pore diameter.

The 5 commercial screens used in this work con-
tained pores from about 20 to 130 ,u in diameter, all
spaced at approximately 10 diameters, or 200 to 1300
,u on center. The open area was near 1 % in all
screens but, because of the expected diameter rela-
tionship, the total diffusion through the screens with
the smallest pores should have been 7 times that
through the screens with the largest pores if Brown
and Escombe's (3) conclusion of no interference be-
tween pores spaced at 10 diameters was valid. In-
stead of increased diffusion with smaller pores, we
obtained uniform diffusion through all of the screens.
This result indicates that the 10-diameter rule is not
valid, and that interference increases rapidly when
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smaller pores are spaced 10 diameters apart. These
experiments did not include results with pores more
nearly the 5 to 10 ju of average stomates, and yielded
no data on the effect of wider spacings.

New screens made to our order, with pores 2.5 to
80 ,u in diameter and, for some sizes, 10 to 160 diam-
eters apart, have enabled us to survey the problem of
multiperforate diffusion in considerably greater detail
than has previously been possible.

Materials and Methods

Electroplated, nickel screens were made by the
Buckbee Mears Company of St. Paul. Coated, glass
plates were first engraved in squares, then etched,
leaving coated squares of the sizes and spacings de-
sired for the pores. These plates were then electro-
plated to a thickness of 10 ,u, forming the primary
screens. Some of the primary screens were replated,
reducing the size of the pores and increasing the
thickness of the screens to a maximum of 80, and an
average of 30 to 40 ,u. The replating tapered toward
the pores (fig 1), and we were unable to measure any
effect of the varying thickness. The characteristics
of the 23 screens used are shown in table I.

Squares of screen 32 X 32 mm were sealed with a
heavy stopcock grease to the tops of special vessels
made from 30-mm glass tubing. The vessels con-
tained water at a distance of 10 to 12 mm below the
screens. The evaporation and diffusion of water vapor
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brass stock 50, 250, or 750 P thick. C1402 diffusion
experiments were conducted in a special gas chamber.
The diffusion cups contained 4 ml of 1 M NaOH to
act as a CO2 trap. Samples were prepared for count-
ing by precipitation to form disks of "infinite" thick-
ness (1).

Results and Discussion

Diffusion Through Isolated Pores. The diffusion
through small, isolated pores of any size will vary
directly with the diameter of the pores (21), provid-
ing the pore-tube length is small. This is readily
understandable by a consideration of the complete
equation describing small pore diffusion. Brown and
Escombe's (3) equation is

Q = (Dp)/[ (L/ r2) + ( 1/2r)], I
where Q is the diffusion, D is the diffusion coefficient
for the gas, p is the gas concentration difference, L is
the length of the pore tube, and r is the radius of the
pore. An identical equation was recently derived
from a dimensional argument by Patlak (9). The 2
resistances to diffusion are the pore resistance, L/JC r2,
and an end correction, 1/2r. The latter is necessary
to account for the increase in diffusion path length due
to the diffusion shells formed above and below the
pores. Diameter proportionality will be obtained only
when the ratio of L to r is small so that the term L/
;c r2 will be small relative to 1/2r. The diffusion will
then be approximated by

Q = Dp2r = Dpa, II

FIG. 1. Photomicrographs of 2 of the screens used as
multipore membranes; (top) pores 10 IA X 10 diameters;
(bottom) screen originally 20 A x 10 diameters replated
to 10 xx 20 diameters. About 160 X.

through the membranes was measured as weight loss
per vessel over periods of several hours. Three repli-
cations were used, and controls of open vessels and
vessels with single-pore membranes with 200 ,u pores
were included in all tests.

Single-pore membranes for studies of the diffusion
of water vapor and C1402 were prepared by drilling
holes 100, 200, 400, or 800 fA in diameter through

Table I. Characteristics of Screens Used for
Multipore Membranes

Tabular figures are the pore spacings in relative di-
ameters.

Pores per cm2
39 156 625 2,500 10,000 40,000

2.5 ... ... 160 80 40 20
5.0 ... 160 80 40 20 10

10.0 160 80 40 20 10 ...
20.0 80 40 20 10 ...
40.0 40 20 10 ... ... ...

80.0 20 10 ... ... ... ...

where a is the diameter. When the ratio of the pore-
tube length to the radius is large so that the term 1/2r
will be small relative to L/l r2, the diffusion will be
approximated by

Q = (Dpc r2)/(L) III

or area proportionality.
The data in figure 2 show the diffusion of water

vapor through isolated pores 100, 200, 400, and 800 /L
in diameter, with pore-tube lengths of 50, 250, and
750 u. Good diameter proportionality was obtained
with the L = 50 ju series, while the 250 and 750 p
series deviated significantly. The diffusion through
the latter 2 series was proportional to r1'5 and r' 7
respectively. The validity of equation I can be deter-
mined by replotting the data in figure 2 against the
term

(r)/[(L)/( r) + (1)/(2)],
obtained by multiplying equation I by r/r. The points
(fig 3) fall on a straight line which extrapolates to
the origin at zero r. These data emphasize that dif-
fusion will vary directly with the diameter of the pore
only if the ratio of the pore-tube length to the radius
is small. The 1 additional qualification necessary for
diameter proportionality is that the diffusion shells
remain nearly spherical. This would not be expected
with large pores (20), or under certain conditions of
air turbulence (6, 13, 20, 22).

Diffusion of C1402 through the L = 50 ,u single-
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FIG. 2. (left) Diffusion of water vapor through single-pore membranes of 3 thicknesses (L), as a function of pore

diameter. Good diamet-er proportionality was shown with the L = 50 A series, while the others approached area

proportionality.
FIG. 3. (right) A replot of the data in figure 2, using equation I to correct for thickness (L).
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FIG. 4. (left) Diffusion of C1402 through the L=50 ,u single-pore membranes as a function of pore diameter.
Diameter proportionality is shown.

FIG. 5. (right) Diffusion of water vapor per pore through a single-pore membrane and through multipore mem-

branes with pores at 4 spacings (D).
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pore membranes showed good dianleter proportional-
ity over the range of pore sizes, wi.th a smooth extra-
polation to zero diffusion at zero pore diameter (fig
4). The same curve was obtained for the diffusion of
water vapor (21).

It is thus seen that diffusion through small, iso-
lated pores will be adequately described by a linear
equation based on diameter if the pore-tube length is
relatively small. Large ratios of pore-tube length to
diameter will tend to shift the relationship toward
area proportionality. A large, isolated, open stomate
associated with guard cells 10 ,u thick would -be ex-
pected to show the diameter relationship. Increased
diffusion ;path lengths, as with sunken stomates or
thick guard cells, would shift the diffusion toward
area proportionality. Gas flow, relating the move-
ment to r4 (4), might occur.in long narrow tubes, in
which case the diffusion-diameter relationship would
change friom a' > a2-+ a4 as pores of stomatal dimen-
sions close. All of our single-pore d.ata, however, are
described adequately by diffusion theory rather than
gas flow, even with L to r ratios of 10 to 1.

Diffusion Through Multiperforato Septa. A con-
sideration of multipore diffusion must take into ac-
count that the diffusion th,rough any given pore is not
independent of adjacent pores (21). The single-pore
equation, equation I, can be adapted for multipore
d.iffusion by adding an additional term to account for
all remaining resistances to diffusion (10). The ad-
ditional term was first suggested by Maskell (8) to
account for the merging of diffusion stream lines
(interference) which tends to saturate the region
above the surface, thus reducing the overall gradient.
By dividing the pore resistances 'of equation I by the
number of pores per unit area, n, and adding I for the
remaining resistances, equation IV is obtained.
This equation has recently been used successfully to
correlate transpiration and CO, assimilation with
stomatal aperture (12, 25).
Q = (Dp)/[ (L)/(nt r2) + (1)/(n2r) + (I)] IV

In an earlier communication (21), we presented
data showing that the interference between pores 20 ,
in diameter spaced at 10 diameters was as high as
95 % when calculated as the percentage difference
between the loss per pore of a multiipore membrane
and an isolated pore of equal diameter. Extrapola-
tion of interference curves over th'e range of stomatal
sizes indicated that the diffusion through pores 5 and
10 ,k in diameter would be only 2 to 3 % of the ex-
pected 'rate. Data obtained with pores 2.5 to 80 , in
diameter, spaced at 10 to 80 diameters are shown in
figure 5. A curve describing isolated pore diffusion,
obtained by extrapolation from a 200 u single-pore, is
included for reference. These data sh'ow that inter-
ference not only increased with decreased relative
spacing, but also increased with decreased pore sizes.
Interference reached a maximum of 98 %, represent-
ing only 2 % of the calculated rate, with the 5 , pores
spaced at 10 diameters; it decreased to 68 % with a
pore size of 80 ,u at this same diameter spacing. The
percentage interference values for the 5 u pores at
spacings of 20, 40, 80, and 160 (not shown) diameters

were 92, 79, 74, and 72 % respectively. It was only
with the larger pores and wider spacings that inter-
ference was low. Interference with the 40 and 80 u

pores at 40 and 20 diameters was 27 and 29 %.
The percentage of inter.ference with pores spaced

at 10 diameters was a linear function of pore diameter
(fig 6). An identical curve obtained with larger
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FIG. 6. Percentage of interference between pores

spaced at 10 diameters. With these pore sizes, the inter-
ference is a linear function of pore diameter.

pores (20-130 ,u) wvas previously reported (21). At
greater spacings the relationship tended .to be loga-
rithmic, indicating that the interference a!pproached a
minimulm at a slower rate as the pore size and abso-
lute spacing increased.

Pores 5 and 10 ,u in diameter showed a rapid in-
crease in the, diffusi-on per pore -as the spacing wais
increased from 10 to 40 diameters; there was then
little nmore diffusi-on through pores at 160 diameters
than through those spaced at 40 diameters (fig 7).
Pores 20,uA in diameter showed a significant increase
between the 40 and 80 diametelr spacings, indicatin.g
an .apparent interference up, to 80 diameters. This
effect is visible with the 10 /j tpores in figure, 7. Ver-
duin (23) and Weishaupt (24) found li.ttle interfer-
ence above a spacing of 20 diameters, but their m-ini-
mum pore sizes were 200 to 300 ,u. Even though our
experim-ents (fig 7) -showed no increase in diffusion
between 80 and 160 diameter spacings, the calculated
rate based on.diffusion through a 200 ,u single-pore
was considerably higher ~than the obs-erved. We ,have
shown diffusion through single-pores to be directly
proportional to the cliameter between 20 and 800 ,u,
an;d no ex!planation for the discrepancy found here is
available.
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FIG. 7. (uppcr) Diffusion of wvater vapor through
5 and 10 u pores as a fuinction of pore spaciing. Interfer-
ence is shown up to a spacing of 40+ diameters.

FIG. 8. (lowccr) Diffusioni per cm through multi-
pore membranies at 5 relative spacings (D), expressed as
a perceintage of openi surface evaporationi.

Diffusion of C402., through the multipore mem-
branes described in an earlier communication (21)
indicated no significant differences between the dif-
fusion of this gas and of water vapor. Interference
values obtained by extrapolation over the range of
stomatal sizes were, as with the water vapor experi-
ments, greater than 95 %.

Since the spacing curves (fig 5) are power func-
tions, the diffusion through each pore as a function of
diameter can be easily determined. The relationship
can be described by Q = Kan, where n will equal 1
with diameter proportionality and 2 with area propor-
tionality. By taking the logarithm of both sides of the
equation and plotting log Q against log a, n can be
evaluated from the slope. For the spacing curves of
10, 20, 40, and 80 diameters, the diffusion per pore
varied with a'95, a'.80, a1 60, and a155. The regres-
sions of log Q on log a were all significant at the 99 %
level. It is thus seen that the effect of closer pore
spacing and increased interference was to shift the
relationship toward area proportionality (a2). The
degree to which thickness has influenced these anal-
yses (cf. fig 2) is uncertain, although the thickness
effect would be similar within all membrane series.

Effect of Pore Size and Distribution on Total Dif-
fusion. Previous data have indicated that the diffu-
sion per unit area through membranes with pores
spaced at 10 diameters is nearly uniform and inde-
pendent of pore size ( 14, 16, 21). At a constant rela-
tive spacing the number and the size of the pores are
not independent variables. The number of pores in-
creases by a factor of 4 with a 50 % reduction in pore
diameter. Assuming no interference, the diffusion
should increase logarithmically as the pore size de-
creases (21, table II). The diffusion per unit area of
membrane as a function of pore diameter for spacings
(D) of 10, 20, 40, 80, and 160 diameters is shown in
figure 8. The 10-diameter spacing curve is a nearly
horizontal line, showing a small but not significant
change in the diffusion with a change in pore diam-
eter, yet the potential for diffusion through the mem-
brane with 5 ,u pores was 16 times that of the mem-
brane with 80 p pores. The ratio of diffusion through
the membrane with 5 ,u pores to that of the 80 ,u pores
was 1.13 rather than the expected 16. The 20-diani-
eter spacing curve slhows the effect of decreased inter-
ference with the wider pore spacing in terms of actual
distances. The expected logarithmic increase with
a dlecrease in pore size was nearly obtained at the 40
and 80 diameter spacings, although a doubling o!f the
rate with a 50 % reduction in pore size was not real-
ized. At the closer pore spacings the diffusing vapor
saturates the space above the membrane so that the
entire surface tends to act as a unit. With wider
relative spacings interference was decreased and the
effect of increased pore number accompanying the
decrease in pore size resulted in an increase in the
diffusion rate in the expected manner, i.e., the pores
were acting more nearly independently and showed
less interference.

The above data are predictable, in part, from equa-
tion IV. Since tis = (1)1[D2 (2r)2], where D is the
relative spacing between pores (Dp represents the
diffusion coefficient and the gas concentration differ-
ence), equation IV can be rewritten as

Q = (Dp)/[(4D2L)/(a) + (2D9r) + (I)] V
From equation V, it can be seen that when the diamii-
eter or radius (r) of the pores is large, the interfer-
ence (I) will be less important, and the diffusion will
vary inversely with r. The second way in whiclh I
may become small, is when D is large, i.e., when the
pores are widely spaced. When D and r are both
large, interference will be negligible, and when D and
r are both small, interference will be large.
We conclude that the diffusion through small pores

spaced at 10 diameters or less will so saturate the dif-
fusion paths as to be nearly independent of pore size
and number. With wider relative spacings, resulting
in less than saturation, pore size and number become
variables affecting the total diffusion. Among many
plant species the stomatal dimensions and densities
are highly variable, yet their relative spacing when
fully open is about 10 diameters (23). Insofar as this
generalization remains valid, gaseous movement
through open stomates will be high and nearly indle-
pendent of stomatal density and size.
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The low resistance to evaporation attributable to
a multipore membrane placed over a water surface is
shown in figure 8. The diffusion through the 10 IL
pores of the membrane with 10,000 pores per cm2 and
a thickness of 10 , approached 80 % of free surface
evaporation, even though the open area was only 1 %.
Sierp and Seybold (15) have discuss-ed the relation-
ship between multipore diffusion and open surface
evaporation. It is sufficient to state that evaporation
and diffusion through a multiperforate septum will
not exceed that from an open surface.

Effect of Stortatal Opening or Closing. The dif-
fusion through model systems allows the estimation
of the shape of the diffusion curve associated with
stomatal closing, when the epidermis is considered
solely as a multipore membrane. The results of an
experiment with membranes intended to simulate
stomatal opening or closing are shown in figure 9.
All of the membranes had 2,500 pores per cm2 with
absolute spacings of 200 ,. The largest pores were
20, in diameter spaced at 10 diameters. These mem-
branes would approximate an epidermis with large,
open stomates. A 50 % pore closure to a diameter of
10 ,u resulted in a relative spacing of 20 diameters.
Subsequent 50 % closures to 5 and 2.5 , gave spac-
ings of 40 and 80 diameters. The latter spacings
were in the range of little or no interference (cf. fig
7). The first 50 % closure to 10 u was associated
with a 11 % reduction in the diffusion rate. Closures
to 5 and 2.5 , resulted in 'reductions of 41 and 65 %
of the rate at 20 u. It is noteworthy that the magni-
tude of the evaporation through these membranes is
comparable to measurements with living plants under
controlled conditions (25). The curve shows that the
pores were sufficiently far apart at small openings to
act nearly independently. As the pore openings in-
creased, with a consequent decrease in relative spac-
ing, the diffusion paths became saturated so that addi-
tional pore aperture did not significantly increase the
diffusion rate. The shape of this curve is in agree-
ment with those published by St'alfelt (17) using
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FIG. 9. Stomatal closing curve. All membranes had
2,500 pores per cm2 with a center-to-center spacing of
200 A.

Betula leaves and by Bange (2) using Zebrina leaf
disks.

These data (fig 9) may be fitted to equation IV
with the use of a double reciprocal plot (25), and
from this the regression of 1/Q on the pore resist-
ances, (L)/(n,c r2) + (1)/(n2r), may be deter-
mined. The regression is linear with a slope equal
to 1/Dp and an intercept equal to I/Dp. For our
model systems with square pores, ar2 is calculated by
a2. Since the resistances to diffusion through an iso-
lated pore can be accounted for by the terms of the
pore resistances (cf. fig 3), the valiue of I, calculated
from the ratio of the intercept to the slope, should be
a measure of the interference. The linear regressions
for data obtained under a variety of conditions of
wind and relative humidity gave correlation coeffi-
cients of 0.99 and greater, all significant at the 99 %
level (fig 10). Despite the high significance, in still
air I does not appear to be a constant, but rather is
composed of a variable and a constant component (see
the upper 3 curves of fig 10). I is, therefore, not en-

VPD 0.8 MM HG Y - 0.049X +0.57
0 VPD 8 MM. HG Y a 0.025X + 0.16
* VPD 22 MM. HG Y- 0.015 X + 0.11
& VPD 28 MM. HG Y-0.013X + 0.08S

1.0 -* WIND 350 FT/M Y-0.0088X+0.055
VWIND 600 FT/M Y 0.0071X +0.0438/
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a-0.6 1

INVERSE SQUARE OF THE DISTANCE BETWEEN PORES (l2xIO3)

FIG. 10. (upper) Double reciprocal plots of data
obtained with the membrane series simulating stomatal
opening or closing. The data are fitted to equation IV.

FIG. 11. (lower) A plot of our data with Verduin's
interference equation (VI). A straight line was not
obtained, indicating that the equation is not valid for
these pore sizes.
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tirely independent of the termls associated with the
pores [(l)/(na2) + (1)/(na)]. In wind, the vari-
able component is apparently removed (see the lower
2 curves of fig 10). Nevertheless, these plots indi-
cate that equation IV is adequate to describe diffusion
through multipore systems, at least to a first approxi-
mation. More elaborate equations which depict the
resistances to diffusion in g-eater dletail are avail-
able (2).

The hyperbolic shape of the stomiatal opening or
closing curve is such that at small openings pore
change is accompanied by a nearly linear response of
diffusion. At wider openings, particularly at 50 % or
more of maximum, saturation of the diffusion paths
decreases the effectiveness of subsequent pore changes.
Stomatal control is thus more effective at the smaller
percentage openings. A 50 % stom.atal closure from
wide open should be accompanied by a 10 to 20 % de-
crease in the diffusion, except possibly at very low
gradients, in which case the saturating vapor may not
diffuse away from the surface at a rapid enough rate
to result in even this decrease. The effect of in-
creased diffusion gradients is simply anl increase in
the diffusion rate with little or no change in the shape
of the curve or the relationships.

Verduin's Interforence Equiatio ii. Verduin (23)
developed an equation to evaluate interference,

log Q = log Q1- (k)/(D'), VI

where Q is the diffusion per pore of a multipore sys-
tem, Q1 is the diffusion of an isolated pore of equal
diameter, k is a proportionality constant, and D is the

W
0

(n
2

U)
0
-J

W-.
4

relative or absolute spacing between pores, depending
oni the value of k. A test of this equation can be made
by plotting log Q against 11D . Since this is a linear
equation, a straight line should be obtained with a
slope equal to - k and an intercept equal to log Q,.
Data obtained with pores 5, 10, 20, and 40 ju in diam-
eter spaced at 10 to 80 pore diameters do not fit as a
straight line function (fig 11). Furthermore, the
values of log Q, obtainied from the intercept of figure
11 considerably underestimated empirical diffusion
rates from isolated pores. Verduin supported his
equation with data obtained from pores 200 ,l in diaimi-
eter and larger. The data of Huber (5), obtaine(d
with pores 11.3 mm in diameter, will fit Verduin's
equation; however, his data from smaller pores down
to 50 , wvill not, and give plots resembling those iil
figure 11. Verduin's equation seems, therefore, to be
valid only for relatively large pores. This effect is
noticeable in figure 11 in the trend toward a straight
line with the larger pores. Calculations (21) based
on Verduin's equation indicated that stomatal closure
would be accompanied by an increase in the diffusioni
potential. Since the equation does not hold withl pores
as small as stomates, the extrapolation basedl oln tlle
calculations was not justified.

The Effect of Wind. The diameter proportional-
ity relationship is relatively stable to air currents. Re-
sults of experimenits with our single-pore membranes
indicated that the diffusion would vary directly with
the diameter (a') of pores 100 to 800 , in diameter
and wind velocities to 800 ft/m (fig 12). A win(d
velocity of 1,000 ft/i,i shifte(l the relationship to a' ,
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FIG. 12. (left) Effect of wind on the diffusion of water vapor through single-pore membranies. Only the 1,000
ft/m velocity had a significant effect in changing diameter proportionality.

FIG. 13. (right) Effect of wind on the diffusion of water vapor through multipore membranies when the meill-
branes were placed on moist filter paper. The lower curve (still air) shows a 35 % increase in the dliffusion froml 1f)
to 20 ,u. Winid of 400 ft/m (upper curve) shifted the relationiship to diameter proportionality.

226



TING AND LOOMIS-FURTHER STUDIES CONCERNING STOMATAL DIFFUSION

which was attributable to the response of the largest
(800 ,) pores. The stability to wind of diffusion
through the smaller pores is shown in figure 12 by
straight lines through 400 u in all tests and through
800 ,u at wind velocities of 800 ft/m and less. The 3
lower curves show diffusion functions of a 94 al.S,
a1.O. Regression analyses showed that these expo-
nents are not significantly different from one.

Wind not only increases the diffusion gradient
(fig 12) but may disrupt the diffusion shells which
account for the -diameter relationship. To reduce the
resistance by diffusion shells below the membranes,
where they are protected from wind, the membranes
were placed directly on moist filter papers. With this
arrangement a wind velocity,of 700 ft/m gave a sig-
nificant increase from the diameter relationship to
al25. We conclude from these results that a single
set of intact diffusion shells was maintaining diameter
proportionality in our previous experiments, and that
the high value obtained in 1,000 ft/m wind was due
to disruption of the inner, protected diffusion shells
by air turbulence acting through the 800 ,u pores.
Clearly, this effect would be still more pronounced
with larger pores. Pores of stomatal size, however,
should be well within the range of stability, even witl
high wind velocities.

Analyses by Jeffreys (6) and comments by Stiles
(19) concerning diffusion in a steady wind indicated
that the diffusion through small pores should shift
from a' to a'5 rather than a2 as reported by Sierp
and Noack (13). Our experiments with pores as
large as 100 to 400 u still gave values of approxi-
mately a', and so do not agree with their conclusions.
We consider it significant that none of our diffusion
values have approache(d a2 proportionality in winid.

Air currents over a multipore membrane shouldl
increase the diffusion per pore toward diameter pro-
porti-onality by removing or reducing the outer vapor
shells which account for part of the interference.
With our membrane series simulating stomatal open-
ing, an increase in pore size from 10 to 20 ,u resulted
in a 10 to 20 % increase in diffusion (fig 9). In
wind velocities of 350 to 600 ft/m the increase was
about 35 %. When the membranes were placed di-
rectly on moist filter papers in wind of 400 ft/m,
evaporation through the 20 u pores was double that
through the 10 , pores, or diameter proportionality
(fig 13). These data indicate that the combination
of filter paper and wind eliminated interference be-
tween pores, but left enough of a diffusion shell sys-
tem to give diameter proportionality. Bange (2) andl
Stalfelt (18) have reported similar results with leaves.

If the lower curve of figure 13 (still air) is com-
pared with figure 9, we find that the gain in diffusion
between 10 and 20 ,u pores was doubled by placing the
evaporating surface in contact with the membrane
instead of 10 mm below it, thus largely eliminating
one set of diffusion shells. Wind of 400 ft/m re-
duced the upper shells to the point where they showed
little or no interference, but still maintained diffusion
at diameter proportionality. We might conclude that
partial closing of the stoniates in windl would have a

major effect on transpiration. The data of Manzoni
and Puppo (7) and our own results (22), however,
show much smaller effects of wind than would be pre-
dicted by these experiments. It seems probable that
internal diffusion shells, or equivalent resistances to
evaporation at the mesophyll walls, may restrict tran-
spiration in wind.

Note added in proof: Since this manuscript was
submitted, a paper by Lee and Gates (Am. J. Botany
51: 963) has misquoted our discussion of the diameter
law of diffusion through small pores (Am. J. Botany
50: 866). We showed experimentally that diffusion
through single pores as small as large stomates was
proportional to the diameter of the pores. Lee and
Gates have changed pores to tubes, which we noted
specifically will show less than diameter proportional-
ity. Figures 2, 3 and 4 in this paper are further
evidence that single-pore diffusion is proportional to
diameter when corrections are made for tube length
or membrane thickness effects.

On page 972 the authors state that the constant
diameter/length ratio of our earlier multiperforate
membranes was, "a sufficient condition for diameter
proportionality of diffusion." The point of our
data is that we do not obtain diameter proportionality
for diffusion through multiperforate membranes. We
find, on the contrary, that interference is directly
proportional to pore diameters when small pores are
spaced 10 diameters apart (fig 6). More evidence
on the effect of membrane thickness is contained in
the D-10 curve of figure 8, this paper. These mem-
branes, with pores 5 to 80,, were uniformly 10 ,u
thick and showed uniform diffusion. The multi-
perforate effect is in interference, which increases as
smaller pores are closer together in actual distance.

Summary

Specially designed screens with pore diameters
from 2.5 to 80 1,u spaced from 10 to 160 pore diameters,
were used as multipore membranes to study diffusion
of water vapor and C1402. For supporting studies,
single-pore membranes were prepared from 50 to 750
,u thick brass stock by drilling holes 100 to 800 u in
diameter. Experiments were conducted in still air
under different vapor pressure deficits and in wind.
The results are interpreted in terms of stomatal tran-
spiration and CO2 assimilation.

Diffusion through single-pore iiiembranes fol-
lowed the diameter law of Brown and Escombe, pro-
viding that the ratio of pore-tube length to diameter
was not much greater than one. Larger ratios tended
to shift the relationship toward area proprtionality.
No indication of gas flow or streaming was found;
all data were adequately (lescribed with diffusion
theory.

Multipore membranes with pores 5 to 80 ,u spaced
at 10 diameters tended to act as a unit; thus the dif-
fusion through membranes with 40,000, 5 u pores was
nearly the same as that through membranes with 156,
80 p pores, even though the calculated capacity of the
former membrane was 16 times that of the latter.
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Membranes with pores at wider spacings, up to 160
diameters, approached the expected logarithmic re-
sponse to the increasing pore number which accom-
panies the decrease in pore size at a constant relative
spacing.

The interference between pores was found to be a
function of both pore size and spacing so that large
pores at any relative spacing more closely approached
calculated diffusion rates than small pores. Similarly,
small pores at wide spacings more closely approached
calculated rates than small, closely spaced pores. In-
terference between pores of the 5 and 10 u average
size of stomates reached a maximum of 96 to 98 %,
representing a diffusion rate per pore of only 2 to 4 %
of the expected rate. Decreased pore spacing shifted
the diffusion relationship from diameter toward area
proportionality.
A membrane series with pores varying from 2.5 to

20 , all spaced 200,u apart, was intended to simulate
a stomatous leaf epidermis with opening or closing
stomates. Diffusion through this series increased
rapidly as the pore size increased from zero, repre-
senting a linear response of diffusion to pore diam-
eter; then slowed until there was only 11 % more
diffusion through fully open pores (20 u) than 50 %
open (10 /,). The effect of wind was to increase the
pore size range where diffusion was nearly linear with
pore diameter. It is concluded that stomatal control
of transpiration in still air would be significant only
at smaller openings. Additional aperture, particularly
that greater than 50 % of maximum, results in satura-
tion of the diffusion paths so that little more diffusion
results. In a steady wind, the range of stomatal con-
trol is extended to wider openings.
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